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Enteropathogenic Escherichia coli (EPEC) de-
stroys intestinal microvilli and suppresses
phagocytosis by injecting effectors into in-
fected cells through a type III secretion system
(TTSS). EspB, a component of the TTSS, is
also injected into the cytoplasm of host cells.
However, the physiological functions of EspB
within the host cell cytoplasm remain unclear.
We show that EspB binds to myosins, which
are a superfamily of proteins that interact with
actin filaments and mediate essential cellular
processes, including microvillus formation and
phagocytosis. EspB inhibits the interaction of
myosins with actin, and an EspB mutant that
lacks the myosin-binding region maintained its
TTSS function but could not induce microvillus
effacing or suppress phagocytosis. Moreover,
the myosin-binding region of EspB is essential
forCitrobacter rodentium, an EPEC-relatedmu-
rine pathogen, to efficiently infect mice. These
results suggest that EspB inhibits myosin func-
tions and thereby facilitates efficient infection
by EPEC.
INTRODUCTION
Enteropathogenic Escherichia coli (EPEC) causes severe
diarrhea and is a major cause of infantile diarrhea world-
wide. A related species of EPEC, enterohemorrhagic
E. coli (EHEC), causes hemorrhagic colitis and hemolytic
uremic syndrome. These pathogens attach themselves
to the surface of the intestinal epithelium and cause the
destruction of epithelial brush border microvilli and rear-
rangement of the host cell cytoskeleton. This results in le-
sions that are termed attaching and effacing (A/E) lesionsCell Host &(Kaper et al., 2004). In addition, EPEC inhibits macro-
phage phagocytosis and thereby escapes the mucosal
immune system (Goosney et al., 1999). These pathogenic
processes aremediated by the locus of enterocyte efface-
ment (LEE) pathogenicity island (McDaniel et al., 1995).
LEE encodes transcriptional regulators, components of
a type III secretion system (TTSS), effectors that are
injected by TTSS into infected cells, chaperones for these
effectors, and the intimin outer membrane protein.
EspB is one of the effectors secreted by EPEC and con-
sists of a putative transmembrane domain and three puta-
tive coiled-coil domains (Warawa et al., 1999). EspB is
essential for EPEC infection in humans and animal models
(Abe et al., 1997; Newman et al., 1999; Tacket et al., 2000).
It not only actswithEspAandEspD to form theTTSSon the
surface of the cell (Warawa et al., 1999), but is also injected
into the cytoplasm of the host cell via the TTSS transloca-
tion apparatus (Taylor et al., 1998). It is known that EHEC
EspB contributes to the recruitment of a-catenin at the
EHEC adherence site, mediated by direct interaction (Ko-
dama et al., 2002). a1-antitrypsin also binds to EspB and
EspD and interferes with type III secretion (Knappstein
et al., 2004). However, the physiological functions of
EspB inside infected cells remain poorly understood.
Myosin superfamily proteins move along actin filaments
with their motor domains and participate in various cellular
processes, including endocytosis and exocytosis (Mer-
mall et al., 1998). Myosin-1a, -1c, -2, -5, and -6 are local-
ized in the microvilli of intestinal epithelia and are required
for their formation and maintenance (Heintzelman et al.,
1994). Myosin-1a is particularly important in this, as
myosin-1a knockout mice have abnormal microvilli, which
indicates that myosin-1a is essential for the structural for-
mation of the normal brush border (Tyska et al., 2005). My-
osin-1c, -2, -5, and -6, as well as myosin-10, are involved
in phagocytosis, as they localize to phagocytic cups, and
their inhibition by myosin inhibitors suppresses phagocy-
tosis (Swanson et al., 1999). These myosins facilitate
phagocytosis by mediating pseudopod extension and
phagosome closure. Notably, analysis of the roleMicrobe 2, 383–392, December 2007 ª2007 Elsevier Inc. 383
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recruited to phagocytic cups by binding to PIP3, which is
produced by PI3-kinase (Cox et al., 2002). Thus, myosins
participate in microvillus formation and phagocytosis. In
addition, it has been reported that tropomyosin is re-
cruited to the adherence site of EPEC (Goosney et al.,
2001). However, how EPEC regulates cellular myosins
was unclear.
We have developed high-performance affinity latex
beads (SG-beads) and succeeded in purifying various
target proteins, including transcription factors, drug re-
ceptors, cisplatin-damaged DNA-binding proteins, and
AAV-2 Rep68-binding proteins (Shimizu et al., 2000; To-
mohiro et al., 2002; Han et al., 2004). Here we show by us-
ing SG-beads that EspB binds tomyosin proteins.We also
showed that EspB binds to the motor domain of myosins,
thereby inhibiting the interaction between myosins and
actin, and that the myosin-binding region of EspB is es-
sential for the microvillus effacing and inhibition of phago-
cytosis that is induced by EPEC infection. Moreover, the
ability of the EPECmodel pathogenCitrobacter rodentium
to efficiently infect its murine host was dependent on the
myosin-binding region of EspB. This report describes
the intracellular functions of EspB during EPEC infection.
RESULTS
Identification of Myosin-1c
as an EspB-Binding Protein
To elucidate the physiological roles that EspB plays inside
EPEC-infected cells, we used SG-beads as described
previously (Han et al., 2004) to identify EspB-binding pro-
teins. Thus, recombinant histidine-tagged EspB protein
(His-EspB) was expressed in bacteria, purified by nickel
column chromatography (Figure 1A), and immobilized on
tosyl-activated SG-beads. These beads were then used
to purify the EspB-binding proteins in HeLa cell cytoplas-
mic extracts. One protein that appeared to be approxi-
mately 100 kDa in size was found to bind specifically to
the His-EspB-immobilized beads (Figure 1B). When this
band was subjected to in-gel proteolytic digestion and
Q-TOF MS analysis of the resultant peptides, four peptide
sequences were obtained, namely, LLSVEGSTLR,
NPQSYLYLVK, GEELLSPLNLEQAAYAR, and VLQALGS
EPIQYAVPVVK. Homology searching then revealed that
the protein is myosin-1c.
EspB Inhibits the Interaction between
Myosin-1c and Actin
We then determined the EspB-binding region of myosin-
1c. As depicted in Figure 2A, myosin-1c contains a motor
domain and a tail domain. It has been shown that the
C-terminal region of the motor domain interacts with actin
filaments (Crozet et al., 1997). The series of glutathione-S-
transferase (GST)-myosin-1c mutants shown in Figure 2A
was immobilized on glutathione-Sepharose beads and
incubated with recombinant FLAG-His-tagged EspB
(EspB-FLAG-His). As a control, the EspB protein was in-
cubated with GST-bound glutathione-Sepharose beads.384 Cell Host & Microbe 2, 383–392, December 2007 ª2007 ElEspB-FLAG-His bound to the myosin-1c mutant GST-
mt1, which only lacks the tail domain, as well as to GST-
m4, which consists only of the actin-interacting region.
However, it did not bind to GST-mt2 and mt3, which
both lack the actin-interacting region. Thus, EspB binds
to the actin-interacting region of myosin-1c. To determine
the binding affinity between EspB and myosin-IC, we
measured the binding constant of EspB-FLAG-His to
GST-mt4-bound beads. As shown in Figure 2B, EspB-
FLAG-His bound to GST-mt4 with a Kd of 2.3 mM.
We next examined the effect of EspB on the interaction
between myosin-1c and actin by incubating cytoplasmic
extracts of HeLa cells (as a source of actin) with GST-
mt4-bound beads in the presence of increasing amounts
of EspB-FLAG-His protein. Actin bound to the myosin-
1c mutant GST-mt4 (Figure 2C, lane 3), and this binding
was significantly reduced by EspB-FLAG-His in a dose-
dependent manner (Figure 2C, lanes 4–6). These results
suggest that EspB competitively inhibits the interaction
betweenmyosin-1c and actin by binding to the actin-inter-
acting region of myosin-1c.
To determine the myosin-1c-binding domain of EspB,
we generated the FLAG-His-tagged full-length (FL) or
deletion mutants of EspB depicted in Figure 2D. While
FL EspB and the EspB deletion mutants consisting of aa
1–218 or 107–321 bound to beads bearing the myosin-
1cmutant GST-mt4 (lanes 7–9), the aa 1–158 EspBmutant
and the internal deletion mutant (Dmid) lacking the central
region (aa 159–218) did not (lanes 10 and 11). Thus, the
central region of EspB is required for binding to myosin-
IC. As shown in Figure 2E, this region of EPEC EspB
was conserved with C. rodentium EspB (75% identity)
and EHEC EspB (38% identity).
Figure 1. Identification of Myosin-1c as an EspB-Binding
Protein
(A) Preparation of recombinant His-EspB. Extracts of bacteria ex-
pressing His-EspB (Inp) and purified His-EspB (Elu) were subjected
to SDS-PAGE and stained with CBB.
(B) EspB-immobilized (+) or empty () beads were incubated with the
cytoplasmic extracts of HeLa cells. Bound proteins were eluted with
Laemmli dye and subjected to SDS-PAGE, followed by silver staining.
The stained bands were subjected to in-gel trypsin digestion and Q-
TOF MS analysis of the resultant peptides. This revealed that the pro-
tein was myosin-1c.sevier Inc.
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The actin-interacting region of myosin-1c is highly con-
served among the myosin superfamily proteins. Thus,
we next examined whether EspB can also bind to other
myosin superfamily proteins. As shown in Figure 3A,
EspB-FLAG-His bound to the actin-interacting region of
myosin-1a, -2, -5, -6, and -10, unlike EspB-Dmid-FLAG-
His. We further analyzed in vivo interaction between
EspB and myosins by coimmunoprecipitation assay in
Caco-2 human colon adenocarcinoma cells (Figure 3B).
Caco-2 cells were infected with EPEC strains expressing
myc epitope-tagged EspB or EspB-Dmid. EspB-3myc
specifically bound to myosin-1c, -2, and -6, while EspB-
Dmid-3myc did not (Figure 3B, lanes 5 and 6). Further-
more, we analyzedwhether EspB andmyosin-2 colocalize
in Caco-2 cells infected with EPEC strains (Figure 3C). As
shown in Figure 3C, EspB showed partial colocalization
with myosin-2, while EspB-Dmid did not.
The Myosin-Binding Region of EspB Is Not
Required for the TTSS Function of EPEC or Its
Induction of Host Cell Actin Polymerization
To examine whether EspB-Dmid mutant retains its trans-
location activity, we performed biochemical fraction-
ation/translocation assays as previously described
(Chang et al., 2005). HeLa cells were infected with EPEC
WT, DespB, and espB-Dmid strains. Upon infection of
EPEC WT and EPEC espB-Dmid strains, EspB, EspF,
and Map were detected inside of cells (Figure 4A). Map
would be deprived of its MTS (mitochondria targeting se-
quence). Furthermore, we analyzed the formation of actin
polymerization after infection of HeLa cells by EPEC WT,
DespB, and espB-Dmid. The effectors secreted by TTSS
such as Tir are essential for EPEC actin polymerization
(Gruenheid et al., 2001). EPEC WT and espB-Dmid in-
duced actin polymerization, whereas the adherent EPEC
DespB strain did not evince such a response (Figure 4B).
We also examined the cellular localization of EspF, which
is an effector secreted by TTSS that translocates into mi-
tochondria of the host cell (Nagai et al., 2005). HeLa cells
infected with EPEC WT and espB-Dmid, but not EPEC
DespB, had EspF in their mitochondria (Figure 4C). These
results indicated that EspB-Dmid serves as a pore-form-
ing factor of TTSS, and EPEC espB-Dmid maintains its
TTSS function.
The Myosin-Binding Region of EspB Is Critical for
EPEC-Induced Microvillus Effacing and
Suppression of Phagocytosis
It is known that myosin-1c, -2, -5, -6, and -10 localize at
phagocytic cups and contribute to phagocytosis (Swan-
son et al., 1999). We thus examined whether the myosin-
binding activity of EspB is required for the phagocytosis-
suppressing ability of EPEC. For this, we employed a
differential fluorescent-based assay as previously
described (Celli et al., 2001; Goosney et al., 1999). Thus,
bone marrow-derived macrophages of C57/BL6 mice
were infected with EPEC WT, DespB, and espB-Dmid.
As shown in Figure 5A, while most of the EPECWT bacte-Cell Host &ria were detected in the extracellular area of the host cells,
EPEC DespB and espB-Dmid were frequently detected
within the host cells. Quantification of the extracellular
and total cell-associated bacteria revealed that 70% of
all cell-associated EPEC DespB and espB-Dmid bacteria
were internalized compared to just 30% of EPEC WT
bacteria (Figure 5B). Thus, the ability of EspB to inhibit
myosin functions is essential for the suppression of phago-
cytosis mediated by EPEC.
Myosin-1a, -1c, -2, -5, and -6 are known to localize at
the microvilli of enterocytes and stabilize them. To deter-
mine whether EspB participates in EPEC-mediatedmicro-
villus destruction, we induced Caco-2 cells to differentiate
(which induces them to formmicrovilli); infected themwith
EPEC WT, DespB, and espB-Dmid; and examined their
microvilli by scanning electron microscopy (SEM). As
shown in Figure 6, the microvilli were perturbed around
the sites of EPECWT adherence, with the microvilli seem-
ing to be pulled toward the bacteria. In contrast, EPEC
DespB and espB-Dmid did not affect themicrovillus struc-
tures. This suggests that EspB is required for EPEC-
induced microvillus effacing by inhibiting the interaction
myosins and actin filaments.
The Myosin-Binding Region of EspB Is Required
for Efficient Infection of Mice by C. rodentium
To determine whether the ability of EspB to inhibit myosin
function is needed in vivo for EPEC infection, mice were
infected with C. rodentium, a mouse model of EPEC. For
this, the C. rodentium DespB (CR DespB) and espB-
Dmid (CR espB-Dmid) strains were generated. CR espB-
Dmid expressed and secreted EspB-Dmid as efficiently
as CR WT expressed and secreted intact EspB
(Figure 7A). In contrast, CR DespB did not produce any
EspB. We then infected C3H/HeJ mice, which are highly
susceptible to C. rodentium, with these strains (n = 10),
and their survival was monitored for up to 22 days after in-
oculation. As shown in Figure 7B, CR espB-Dmid killed the
mice more slowly than CRWT, while CR DespB did not kill
the mice at all. When mice (n = 3) infected with these
strains were sacrificed on day 8 and the bacteria coloniz-
ing their colons were counted, 10% fewer CR espB-Dmid
were found to adhere to the colon compared to CR WT
(Figure 7C). SEM analysis of these infected colons re-
vealed that CRWT induced severe microvillus destruction
(Figure 7D). These results suggest that EspB must inhibit
myosin functions before C. rodentium can induce micro-
villus effacing and efficiently infect murine colon cells.
DISCUSSION
In this study, use of our purification system revealed myo-
sin-1c to be an EspB-binding protein (Figure 1). We also
found that EspB bound to the actin-interacting region of
myosin-1c and inhibited the interaction between myosin-
1c and actin (Figures 2A and 2C). EspB also bound to
myosins that are known to be involved in microvillus for-
mation and phagocytosis, namely, myosin-1a, -2, -5, -6,
and -10 (Figures 3A–3C). Moreover, the myosin-bindingMicrobe 2, 383–392, December 2007 ª2007 Elsevier Inc. 385
Cell Host & Microbe
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(A) Mapping of the region in myosin-1c that is bound by EspB. GST-myosin-1c deletion mutants were coupled to glutathione-Sepharose beads and
incubated with EspB-FLAG-His, and the bound proteins were analyzed by SDS-PAGE and immunoblotting with anti-FLAG antibody. Lane 1, 1% of
the EspB-His-FLAG protein input (Inp).
(B) The Kd for the binding of EspB-FLAG-His to myosin-1c mutant GST-mt4 was calculated by Scatchard analysis.
(C) Effect of EspB on the interaction between myosin-1c and actin. Glutathione-Sepharose beads bearing the myosin-1c deletion mutant GST-mt4
were incubated with HeLa cell cytoplasmic extracts (as a source of actin) in the presence of the indicated amounts of EspB-FLAG-His protein, and the
bound proteins were analyzed by SDS-PAGE and immunoblotting with anti-actin antibody or anti-FLAG antibody. Lane 1, 1% of actin input (Inp).386 Cell Host & Microbe 2, 383–392, December 2007 ª2007 Elsevier Inc.
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effacing and phagocytosis-inhibiting functions of EPEC
(Figures 5 and 6), although it was not found to affect the
TTSS function (Figure 4). These results suggest that,
when EspB is injected into the host cell, it causes microvil-
lus effacing and suppresses phagocytosis by inhibiting
the interaction between myosins and actin. We also
showed that the myosin-binding region of EspB was re-
quired for the efficiency with which C. rodentium infects
its murine host (Figure 7). Interestingly, while CR espB-
Dmid was observed on the surface of the colon, it did
not induce microvillus effacing. This suggests that the
induction of microvillus effacing is required for the
efficiency of infection but not for adhering to the surface
of the colon.
EspB bound to the myosin-1c-actin-interacting region
with a Kd of 2.3 mM (Figure 2B). It has been known that
F-actin bound to smooth muscle heavy meromyosin with
a Kd of about 40 mM (Sellers et al., 1982). This suggested
that EspBwould bind tomyosin stronger than F-actin. Fur-
thermore, as shown in Figure 3C, the injected EspB was
distributed in punctate dots, suggesting that EspB would
be concentrate locally inside of cells. These results sug-
gested that EspB could competitively inhibit the interac-
tion between myosins and F-actin.
Myosin-1a, -1c, -2, -5, and -6 localize to the microvilli of
intestinal epithelia, where they tether actin core bundles to
the plasmamembranes, thereby stabilizing the microvillus
structures. Thesemyosins also participated in phagocyto-
sis. Since we found that EspB bound to all of myosins
tested, including myosin-1a, -1c, -2, -5, -6, and -10, via
its central region, it appears that EspB facilitates the infec-
tivity of EPEC by inhibiting the interactions between vari-
ous myosin superfamily proteins and actin filaments,
thereby causing microvillus effacing and suppression of
phagocytosis.
EXPERIMENTAL PROCEDURES
Plasmid Construction and Preparation
of Recombinant Proteins
The gene encoding EspB (accession #Z21555) was subcloned from
the EPEC genome into the bacterial expression vector pTrc-His 2B.
A FLAG epitope was added to the carboxy terminus of EspB by
PCR. Vectors expressing EspB deletion mutants were created by
PCR using mutagenic primers. EspB-FLAG-His and its derivatives
were expressed in E. coli strain BL21 (DE3). The cDNA of myosin-1c
(BC044891) was subcloned from a HeLa cell cDNA library. Fragments
encoding myosin-1c deletion mutants were amplified by PCR using
mutagenic primers and subcloned into pGEX-6P-1. The GST-myo-
sin-1c mutants were then expressed in E. coli strain BL21 (DE3).
cDNAs encoding the actin-interacting regions of myosin-1a, -2, -5, -6,
and -10 (AF105424, M81105, U90942, U90236, and NM_012334) were
subcloned from Caco-2, HL-60, and 293T cell cDNA libraries into
pGEX-6P-1. The GST-myosin-actin-interacting regions were then
expressed in E. coli strain BL21 (DE3).Cell Host &Antibodies
Antibodies specific for FLAG (M2, mouse monoclonal, SIGMA), myc
(clone 9E10, mouse monoclonal, Roche), myosin-6 (KA-15, rabbit
polyclonal, SIGMA), actin (mouse monoclonal, CHEMICON), non-
muscle myosin (rabbit polyclonal, Biomedical Technologies Inc.), non-
muscle heavy chain myosin (3H2, mouse monoclonal, AbCam), EPEC
(rabbit polyclonal antiserum, DENKA SEIKEN), and mitochondrial heat
shock protein 70 (mtHsp70, ALEXIS Biochemicals) were purchased.
Anti-EspB, EspF, and Map rabbit polyclonal antibodies were used as
described previously (Nagai et al., 2005; Tobe and Sasakawa, 2002),
as was an anti-myosin-1c rabbit polyclonal antibody (R2652) (Dumont
et al., 2002). Alexa-488- or Alexa-594-labeled secondary antibodies
were purchased from Molecular Probes.
Identification of EspB Interactors by Using SG-Beads
Tosyl (p-toluene sulfonyl)-activated SG-beads were prepared as
described previously (Hatakeyama et al., 1997), and 2 mg were mixed
with 40 mg of purified His-EspB in the immobilization buffer (10 mM
HEPES-NaOH [pH 7.9], 10% glycerol, 50 mM KCl, 1 mM EDTA) at
4C for 24 hr. The remaining active esters were blocked by incubation
with 1M Tris-HCl (pH 8.0) at 4C for 12 hr. The resulting beads were
stored at 4C. HeLa cell cytoplasmic extracts were prepared as
described (Dignam et al., 1983), incubated with His-EspB-fixed or
empty beads for 4 hr at 4C, then washed three times with binding
buffer (10 mM HEPES-NaOH [pH 7.9], 10% glycerol, 100 mM KCl,
1 mM EDTA, 0.1% NP-40, 1 mM DTT, 0.5 mM PMSF) and once with
high-salt buffer (10 mM HEPES-NaOH [pH 7.9], 10% glycerol, 1 M
KCl, 1 mM EDTA, 0.1% NP-40, 1 mM DTT, 0.5 mM PMSF). The bound
proteins were eluted with Laemmli dye, subjected to SDS-PAGE, silver
stained, and subjected to in-gel digestion by trypsin. The peptide
fragments were then analyzed by Q-TOF MS.
In Vitro Binding Assays Using GST-Fusion Proteins
Bacterial lysates expressing EspB mutants were incubated with GST-
fusion myosin-1c mutants immobilized on Glutathione SepharoseR 4B
(GE Healthcare) at 4C overnight and washed three times with binding
buffer (50 mM Tris-HCl [pH 8.0], 0.1% NP-40, 150 mM NaCl, 1 mM
EDTA, 1 mM MgCl2, 0.1 mM CaCl2, 1 mM DTT, 0.5 mM PMSF). The
bound proteins were eluted with Laemmli dye, subjected to SDS-
PAGE, and immunoblotted with anti-FLAG antibody.
Bacterial Strains and Detection of EspB Expression
The EPEC DespB and espB-Dmid strains were created from wild-type
E2348/69 EPEC by using the temperature- and sucrose-sensitive sui-
cide vector pCACTUS (Tamano et al., 2002). A fragment containing the
espB gene was subcloned from the EPEC genome into pGEM-3zf(+),
thus generating pGEM-3zf(+)-EspB region. The pGEM-3zf(+)-DespB
and pGEM-3zf(+)-espB-Dmid vectors, which lack the whole espB
gene and the EspB-internal region, respectively, were constructed
by PCR using mutagenic primers and the pGEM-3zf(+)-EspB region
as a template. The inserts of these vectors were subcloned into pCAC-
TUS, and the resulting plasmids were introduced into EPEC by electro-
poration. Transformants were selected as described previously
(Tatsuno et al., 2001). The selected DespB and espB-Dmid mutants
were subjected to PCR and immunoblotting to ensure they lacked
and carried the desired sequence, respectively. To generate EPEC
strains expressing myc epitope-tagged EspB or EspB-Dmid, EspB-
3myc or EspB-Dmid-3myc-expression vectors were introduced into
the EPEC DespB strain. The DespB and espB-Dmid mutants of
C. rodentium (strain DBS100) were also created by using pCACTUS
as described above. These strains were grown in LB broth or on
agar plates at 37C. C. rodentium strains were grown overnight in LB(D) Mapping of the region in EspB that binds to myosin-1c. Glutathione-Sepharose beads bearing the myosin-1c mutant GST-mt4 were incubated
with FLAG-His-tagged EspB deletion mutants, and the bound proteins were analyzed by SDS-PAGE and immunoblotting with anti-FLAG antibody.
Lanes 1–5, 1% of EspB mutant input (Inp). *The background corresponds to GST.
(E) Aliment of the central region of EPEC, C. rodentium, or EHEC EspB.Microbe 2, 383–392, December 2007 ª2007 Elsevier Inc. 387
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(A) GST pulldown assays were performed to assess whether EspB binds to other myosins as well. The GST-tagged actin-interacting regions of my-
osin-1a, -2, -5, -6, and -10 were coupled to glutathione-Sepharose beads and incubated with EspB-FLAG-His or EspB-Dmid-FLAG-His. The bound
proteins were analyzed by SDS-PAGE and immunoblotting with anti-FLAG antibody. Inp, 1% of the EspB protein input (Inp).
(B) EspB interacts with myosins in Caco-2 cells. Caco-2 cells were infected for 3 hr with EPEC strains expressing myc epitope-tagged EspB or EspB-
Dmid mutant. Cell lysates were immunoprecipitated with anti-myc antibody and immunoblotted with anti-myosin-1c, -2, or -6, or myc antibody.
(C) EspB colocalizes with myosin-2 in Caco-2 cells. Caco-2 cells were infected with EPEC strains. Infected cells were stained with anti-EspB antibody
(green) and anti-myosin-2 antibody (red). Two-color images were obtained by merging EspB and myosin-2 signals. Scale bar, 5 mm.broth at 37C, diluted 1:50 in RPMI, and grownwith shaking at 37C for
5 hr, then collected by centrifugation and resuspended in Laemmli dye.
The proteins in the culture supernatants were precipitated with 8%
TCAand resuspended in Laemmli dye, followed by SDS-PAGE and im-
munoblotting with anti-EspB antibody.388 Cell Host & Microbe 2, 383–392, December 2007 ª2007 ElCell Culture
HeLa cells were maintained inMEM-I containing 10% heat-inactivated
fetal calf serum (FCS; SIGMA) at 37C in 5% CO2. Caco-2 cells were
maintained in MEM-I containing nonessential amino acids and 10%
FCS at 37C in 5% CO2. Bone marrow-derived macrophages weresevier Inc.
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(A) Protein translocation assays. HeLa cells were infected for 3 hr with EPEC strains. The bacterial extracts and translocated proteins were analyzed
by immunoblotting with anti-EspB, -EspF, -Map, or -actin antibody.
(B and C) Involvement of the myosin-1c-binding domain of EspB on its TTSS function, on its ability to induce its host cell to form a pedestal (B), and as
measured by the secretion of EspF (C). HeLa cells were infected with the different EPEC strains. To detect host cell pedestal formation (B), the cells
were stained with anti-EPEC antiserum (green) and rhodamine-phalloidin for actin filaments (red). To detect mitochondrial EspF (C), the cells were
stained with TO-PRO3 for bacteria (blue), anti-EspF antibody (green), and anti-mtHsp70 antibody (red). Scale bar, 5 mm.isolated by plating bone marrow cells from murine femurs and tibias in
10% FCS-RPMI 1640 supplemented with 30% supernatant from L929
cells. On day 5, strongly adherent macrophages were harvested by
incubation in PBS on ice for 10 min.
Immunostaining
To detect the localization of EspB and myosin-2 in Caco-2 cells, 2 3
105 Caco-2 cells were seeded onto glass coverslips in 12-well cell cul-
ture plates and incubated in DMEM containing 10% FCS without anti-
biotics for 2 days. EPEC WT, DespB, and espB-Dmid strains were
grown overnight in LB broth at 37C. Overnight cultures were diluted
1:20 with DMEM and grown with shaking at 37C for 2 hr. Caco-2 cells
were infected for 1 hr at a multiplicity of infection (m.o.i.) of 100:1,
washedwith PBS three times, and incubated for 2 hr in DMEMcontain-
ing 10% FCS. Then, the cells were washed with PBS three times and
fixed in 4% paraformaldehyde-PBS (pH 7.4) at room temperature for
15 min, washed with PBS, incubated in 50 mM NH4Cl-PBS for
10 min, permeabilized with 0.2% Triton X-100-PBS, and blocked
with 2% BSA-PBS. EspB was stained with Alexa-488-conjugated
anti-EspB antibody in PBS, and myosin-2 was stained with Alexa-
594-conjugated myosin-2 antibody in PBS.
To analyze the EspF injected in bacteria-infected cells, 23 105 HeLa
cells were seeded onto glass coverslips in 12-well cell culture plates,
incubated in DMEM containing 10% FCS for 1 day, and then infected.
HeLa cells were infected for 1 hr at anm.o.i. of 100:1, washedwith PBS
three times, and incubated for 2 hr in RPMI 1640 medium supple-
mented with 40 mM HEPES (pH 7.4), 1% mannose, and 0.1% bovine
serum albumin without antibiotics. Immunostaining was performed as
above. EspF was stained with an Alexa-488-conjugated anti-rabbit
EspF antibody in PBS. The HeLa cell mitochondria were labeled withCell Host &Alexa-594-conjugated anti-mtHsp70 antibody in PBS. The bacteria
were visualized with TO-PRO3 (Molecular Probes).
To analyze the pedestal formation induced by EPEC, 2 3 105 HeLa
cells were infected for 1 hr at an m.o.i. of 20:1 and then washed with
PBS three times and incubated for 1 hr in DMEM containing 10%
FCSwithout antibiotics. EPECwas stained with Alexa-488-conjugated
anti-rabbit EPEC antiserum in PBS, and the F-actin in the HeLa cells
was visualized with Rhodamine phalloidin (Molecular Probes).
Coimmunoprecipitation Assay
Caco-2 cells (8 3 106) were seeded on a 100 mm culture dish, incu-
bated in DMEM containing 10% FCS for 2 days, and then infected
with EPEC strains expressing myc epitope-tagged EspB or EspB-
Dmid mutant as above. Infected cells were washed with PBS three
times and treated with Proteinase K (500 mg/ml) for 5 min at room tem-
perature. Cells were then collected by centrifugation, lysed with PBS
containing 0.1% Triton X-100 at room temperature for 20 min, and
centrifuged at 20,000 3 g at 4C for 20 min. The supernatants were
incubated with anti-myc antibody (clone 9E10) overnight with rotation
at 4Cand incubatedwith ProteinGSepharose 4 Fast Flow (GEHealth-
care) for 2 hr at 4C.The beadswerewashedwith PBS containing 0.1%
Triton X-100, and the bound proteins were eluted with Laemmli dye,
subjected to SDS-PAGE, and analyzed by immunoblotting.
Protein Translocation Assays
Protein translocation assays were performed as previously described
(Chang et al., 2005). HeLa cells (8 3 106) were seeded on a 100 mm
culture dish, incubated in DMEM containing 10% FCS for 1 day, and
then infected. HeLa cells were infected for 1 hr at an m.o.i. of 100:1,
washed with PBS three times, and incubated for 2 hr in DMEMMicrobe 2, 383–392, December 2007 ª2007 Elsevier Inc. 389
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(A) Bone marrow-derived macrophages were infected for 60 min with EPEC WT, DespB, or espB-Dmid strain and analyzed by confocal microscopy.
The GFP fluorescence indicates the total cell-associated bacteria (green), while the extracellular bacteria that adhere to the macrophages were
stained with anti-EPEC antiserum (red). Scale bar, 5 mm.
(B) Quantification of the results in Figure 5A. Means ± standard error of the mean from three independent experiments are shown.containing 10% FCS. Infected cells were washed with PBS three times
and treated with Proteinase K (500 mg/ml) for 5 min at room tempera-
ture to minimize extracellular-associated bacterial proteins. Cells were
then collected, resuspended in PBS containing 0.1%Triton X-100, and
incubated at room temperature for 20 min. The lysates were centri-
fuged at 20,0003 g at 4C for 20min. Translocated proteins were sub-
jected to SDS-PAGE, and analyzed by immunoblotting with anti-EspB,
EspF, Map, and actin antibodies.
Phagocytic Assays
Phagocytic assays were based on a method described previously
(Celli et al., 2001). Thus, GFP-expression vectors were introduced
Figure 6. The Myosin-Binding Region of EspB Is Essential for
EPEC-Mediated Microvillus Effacing
SEM analysis of the differentiated Caco-2 cells infected with the
indicated EPEC strains. Scale bar, 1 mm.390 Cell Host & Microbe 2, 383–392, December 2007 ª2007 Elinto the EPEC WT, DespB, and espB-Dmid strains, and overnight
bacterial cultures were diluted 1:20 in DMEM and incubated at 37C
for 2 hr to induce LEE gene expression. Bone marrow-derived macro-
phages (2 3 105 cells) were seeded onto glass coverslips in 12-well
plates and incubated in RPMI containing 10% FCS for 1 day before
infection. Infection was performed for 60 min at an m.o.i. of 10:1, after
which the cells were washed with PBS, fixed in 4% paraformaldehyde-
PBS (pH 7.4) at room temperature for 15 min, washed with PBS, and
incubated in 50 mM NH4Cl-PBS for 10 min. After blocking with 2%
BSA-PBS, phagocytic assays were performed by staining both the ex-
tracellular and total cell-associated EPEC. Thus, the extracellular bac-
teria were labeled prior to permeabilization by using rabbit anti-EPEC
antiserum followed by Alexa-594-labeled anti-rabbit IgG antibody in
PBS. The total cell-associated bacteria were detected by their GFP
fluorescence. The ratio of intracellular bacteria to total cell-associated
bacteria was then calculated.
SEM Analysis of Infected Caco-2 Cells
Caco-2 cells were differentiated on 30 mm transwells for 2 weeks with
changes of medium every 3 days. Overnight cultures of EPEC strains
were diluted 1:20 in DMEM and incubated for 2 hr at 37C. The differ-
entiated Caco-2 cells were then incubated in DMEM-10% FCS for 1 hr
at 37C, infected with EPEC strains at an m.o.i. = 100 for 2 hr, and
washed three timeswith PBS. The cells were then fixed in 0.1Msodium
phosphate buffer (pH 7.4) containing 2% glutaraldehyde and 0.1 mM
CaCl2, postfixed in 0.1 M sodium phosphate buffer (pH 7.4) containing
1%OsO4 for 1 hr, dehydrated with a graded series of ethanol, and then
freeze dried by t-butyl alcohol substitution. The dried samples were
then examined by a Hitachi S-4200 scanning electron microscope.
Infection of Mice with C. rodentium
Six-week-old female C3H/HeJ mice (JC1, CLEA Japan) were housed
for a week in the animal facility of the Institute of Medical Science,
University of Tokyo in accordance with guidelines drafted by the Uni-
versity of Tokyo. C. rodentium wild-type (CR WT), DespB (CR DespB),
and espB-Dmid (CR espB-Dmid) strains were cultured overnight in LB
broth at 37C. Mice (n = 10) were inoculated with 200 ml of the bacterial
suspension (1:1000 dilution of overnight culture) by oral gavage. The
surviving mice were counted daily until 22 days postinfection. Tosevier Inc.
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(A) Analysis of the ability of C. rodentium (CR) WT, DespB, and espB-Dmid to express and secrete EspB. The bacterial lysates and culture superna-
tants were analyzed by SDS-PAGE and immunoblotting with anti-EspB antibody.
(B) Survival of mice infected by different CR strains. C3H/HeJ mice (n = 10) were orally infected with 4 3 105 CFU of CR strains and monitored daily
until 22 days postinfection. The percentage of surviving mice is shown.
(C) Number of adherent bacteria on the colon. C3H/HeJ mice (n = 3) were orally inoculated with the C. rodentium strains and sacrificed 8 days post-
infection, and their colons were homogenized and plated onMacConkey agar plates. The colonies were counted to determine the number of bacteria
adhering to the mouse colon. The data are presented as means ± standard error of the mean.
(D) Typical SEM images of the colons of infected mice are shown. Scale bar, 1 mm.analyze the number of adherent bacteria on the colon, three mice were
inoculated as above. At day 8 postinfection, the mice were sacrificed
and the region (5.5 cm) from the rectum to distal colon was cut verti-
cally. These samples were washed with PBS to remove fecal pellets,
homogenized in 5 ml of ice-cold PBS by using a Potter Elvehjem
homogenizer (digital homogenizer, AS ONE Co.), serially diluted with
ice-cold PBS, and plated on MacConkey agar plates. The C. roden-
tium colonies were checked by PCR that amplified espB and then
counted. The number of cfu permousewas calculated. For histological
analysis, these infected colons were fixed in 4% paraformaldehyde-
PBS at room temperature. SEM analysis was performed as described
above.
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